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Single crystal polarized absorption spectra of the dimeric multicopper enzyme ascorbate oxidase from green zucchini 
squash indicate that its most relevant functional and structural properties are maintained in the crystalline state. Since 
the polarized absorption spectra of crystalline ascorbate oxidase are very similar, in the visible region, to those of crystal- 
line plastocyanin, we expect that structural data will show similar orientation of the type 1 Cu2+ center with respect 
to the crystal axes. The selective removal of type 2 Cu 2* from the crystal has been realized and has a potential value 
for the identification of the copper centers in the crystallographic analysis of the enzyme. Evidence is presented for an 
azide binding site formed by type 2 and type 3 Cu*+, similar to the trinuclear copper center suggested to be present in 
lactase. 
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1. INTRODUCTION 
Ascorbate oxidase is a copper containing en- 
zyme belonging to the class of blue oxidases as the 
other animal and plant enzymes, ceruloplasmin 
and lactase [l]. The Cu2+ are of three different 
types with distinct spectroscopic features [2]. Type 
1 Cu2+ shows high absorption in the visible region 
(6 > 3000 M-’ . cm-’ at 600 nm) and an EPR spec- 
trum with narrow hyperfine lines (A,,<90 G); 
type 2 Cu2+ has undetectable optical absorption 
and an EPR line shape of the usual low molecular 
mass copper complexes (A,, > 140 G); type 3 Cu2+ 
is characterized by a strong absorption in the near 
UV region (Amax = 330 nm) and by the absence of 
an EPR signal, due to the antiferromagnetic cou- 
pling of two Cu’+. All the above mentioned 
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features disappear upon reduction of copper with 
suitable electron donors [2]. 
Lactase is the simplest component of this pro- 
tein family, containing 4 Cu2+ with the following 
stoichiometry: one type 1, one type 2 and two type 
3 Cu2+ [l]. Though similar, the situation with the 
other blue oxidases is complicated by the presence 
of a higher content of Cu’+. 
The dimeric ascorbate oxidase (140 kDa) was 
reported to contain 8 Cu2+ per dimeric unit [3]. 
The simplest interpretation of this fact would be 
that each monomer is a lactase-like unit. Some 
evidences, however, contradict this view [4,5]. 
In the wait for structural information to be ex- 
tracted from X-ray crystallographic studies in pro- 
gress, we have investigated the optical absorption 
properties of ascorbate oxidase by single crystal 
microspectrophotometry in polarized light in order 
to compare some properties of the enzyme in the 
crystal and in solution. 
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2. MATERIALS AND METHODS 
Ascorbate oxidase from Cucurbita pepo medullosa was 
prepared according to Avigliano et al. [6] and crystallized in 
50 mM phosphate buffer, pH 5.8, by dialysis against 12% (v/v) 
2-methyipentane-2,4-diol (MPD) [7]. Crystals were subsequent- 
ly transferred to solutions of increasing MPD concentrations up 
to a final concentration of 25% (v/v). The crystals (space group 
P21212, one dimeric enzyme molecule per asymmetric unit) 
showed well grown (110) and (001) rhombic forms. 
To record polarized spectra by use of a Zeiss MPM 03 UV- 
visible microspectrophotometer quipped with polarizers, single 
crystals were mounted in a cell with quartz windows and were 
oriented with either the (110) or (170) face of the same crystal 
perpendicular to the incident light and the c axis either parallel 
or perpendicular to the electric vector. On the basis of the 
polarized spectra recorded on the two perpendicular faces and 
measurements of the crystal thickness in either direction, the 
isotropic spectrum was calculated as (A, + A, + A,)/3 [8]. 
Reaction with substrate and binding of azide were obtained 
by flowing a medium containing the appropriate concentrations 
of the various reagents through the crystal in the cell. 
Removal of type 2 Cuzc was performed according to 
Avigliano et al. [9]. Crystals were anaerobically incubated for 
48 h in 50 mM phosphate buffer, pH 5.2, 25% MPD (v/v), 
containing 2 mM dimethylglyoxime, 1 mM EDTA, 5 mM fer- 
rocyanide. 
3. RESULTS AND DISCUSSION 
3.1. Polarized absorption spectra of crystalline 
ascorbate oxidase 
The polarized absorption spectra of single 
crystals of native ascorbate oxidase reported in 
fig.lA show all the characteristic bands of the ox- 
idized enzyme in solution, with absorption maxima 
at 330 nm, 610 nm and around 750 nm; the weak 
band at 445 nm is also clearly detected. The 
isotropic spectrum calculated from the polarized 
spectra (fig.lB) is essentially identical in shape to 
that recorded for the enzyme in solution [3]. 
The visible region of the spectrum is very similar 
to that of other proteins containing type 1 Cu2+ 
[lo], for two of which the high resolution three- 
dimensional structure was determined and single 
crystal spectra were recorded, i.e. plastocyanin, 
containing a single type 1 Cu2+ in a distorted tetra- 
hedral environment formed by S(Cys), S(Met), 
N(His), N(His) [l 11, and Cu2+-substituted liver 
alcohol dehydrogenase (LADH), containing one 
type 1 Cu2+ per monomer in a distorted tetrahedral 
environment formed by S(Cys), S(Cys), N(His), 
O(H20) (Merli, A. et al., in preparation). For this 
protein the crystal structure was not directly deter- 
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mined, but there is evidence [12] that the Cu2+ 
maintain the distorted tetrahedral environment 
present in the native Zn-enzyme. 
The studies on plastocyanin have attributed the 
bands at 606,750 nm and a hidden band at 560 nm 
to charge transfer (CT) transitions from cysteine 
sulfur to copper and the two very weak bands at 
428 and 467 nm to CT transitions from methionine 
and/or histidines [ 1 I]. 
Ascorbate oxidase shows same absorptions as 
plastocyanin in the region 500-800 nm, but only 
one band is clearly visible at 445 nm with polariza- 
tion perpendicular to the c axis, similar to the 
428 nm band in plastocyanin [l 11. 
Orthorhombic crystals of Cu2+-substituted 
LADH (space group C2221) exhibit absorption 
bands, as other blue copper proteins, at 618 and 
750 nm and a weak band at 450 nm, all polarized 
along the b axis plus a distinctive band at 375 nm 
polarized perpendicularly to the b axis. 
The close similarity of the ascorbate oxidase 
spectrum with that of plastocyanin, but not with 
that of Cu2+-substituted LADH, suggests that type 
1 Cu2+ of ascorbate oxidase have the same ligand 
environment as copper present in plastocyanin. 
Moreover, the close resemblance of the polariza- 
tion ratio of ascorbate oxidase polarized spectra on 
the face (110) (A,,/A.) shown in fig.lA with that 
of plastocyanin polarized spectra on the face (011) 
suggests that the orientation of the Cu2+ ligands 
with respect to crystal axes is similar in the two 
proteins, provided the appropriate exchange of 
axes is made. 
The band at 330 nm is functionally associated 
with type 3 Cu2+, an antiferromagnetically coupled 
Cu2+ pair. In the crystal, this band is strongly 
polarized along the c axis, suggesting a precise 
orientation of the ligand responsible for this transi- 
tion. No comparison with other crystalline pro- 
teins is at the moment possible. 
3.2. Reaction with ascorbate 
The disappearance of all the copper absorption 
bands of crystalline ascorbate oxidase upon ex- 
posure to solutions containing ascorbic acid in- 
dicates that the enzyme can be reduced within the 
time of diffusion of the substrate through the 
crystal lattice, i.e. about 30 s. Washing the crystals 
with an oxygenated medium restored the spectrum 
of the oxidized enzyme. The crystals did not break 
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Fig. 1. Absorption spectra of single crystals of ascorbate oxidase. (A) Polarized spectra with the electric field vector (I?) of the beam 
of plane polarized light aligned parallel to the c crystal axis (1) or perpendicular to the c crystal axis on the (110) and (li0) face of 
the crystal (2 and 3). The spectra were normalized to a thickness of 0.1 mm. (Inset) Polarization ratio At/A I on the two faces. (B) 
Crystal isotropic spectrum calculated from the polarized absorption spectra. 
or crack upon reaction with ascorbic acid or ox- 
ygen. On the basis of these results it can be con- 
cluded that crystalline ascorbate oxidase is in an 
enzymatically active form and that only minor 
conformational changes occur during the catalytic 
cycle. However, after attainment of complete 
reduction, the crystals slowly dissolved (in lo-15 
min), unless they were quickly reoxidized. 
3.3. Reaction with azide 
In multicopper oxidases, type 2 Cu2+ is the 
binding site of anions like azide and fluoride [4]. 
Upon binding of azide to ascorbate oxidase in 
solution, the absorption of type 3 Cu2+ at 330 nm 
disappears with the concomitant appearance of a 
band at about 400 nm and a shoulder at 500 nm 
[4,13]. Similar spectral changes occur in lactase, 
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whose spectral transitions have been analyzed in 
detail [14,16]. The absorption at 400 nm was at- 
tributed to two CT transitions from azide to type 
3 cu2+ in the coupled and uncoupled form. 
Similarly, the absorption at 500 nm was attributed 
to the binding of azide to type 2 Cu2+. The parallel 
increase of these absorptions was interpreted as in- 
dicative of the simultaneous binding of one azide 
molecule to both type 2 and type 3 Cu2+. 
In the crystals of ascorbate oxidase, binding of 
azide causes the disappearance of the band at 330 
nm and the appearance of an asymmetric broad 
band at about 400 nm, polarized parallel to the c 
axis. It is composed of at least two transitions since 
the polarization ratio is seen to change across the 
band (fig.2A). In the difference spectrum, a 
shoulder at 500 nm is clearly resolved. This transi- 
tion is polarized perpendicularly to the c axis of the 
crystal, with polarization ratio AI/A, = 1.4 on 
both (110) and (110) faces of the crystal (fig.2B). 
The titration of crystalline ascorbate oxidase 
with azide shows that, as in solution, the increase 
of the bands at 400 and 500 nm is concomitant 
with the decrease of the 330 nm band, with a neat 
isosbestic point at 352 nm (fig.3). A dissociation 
constant of the complex of 1.2 mM at pH 5.8 was 
calculated, similar to that reported in solution [ 131, 
The correspondence of the absorptions of the 
azide-ascorbate oxidase complex in the crystal and 
of the azide-lactase complex in solution suggests 
that in the former as in the latter species azide 
I 1' 
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binds to type 2 and type 3 Cu2+, forming a bridge 
between two unequivalent copper centers. 
The presence of an isosbestic point in the azide 
titration indicates that the chromophore absorbing 
at 330 nm is transformed in the course of the 
reaction. 
A broad and weak absorption between 400 and 
500 nm at low concentration of azide, indicative of 
a high-affinity binding site, is reported to be 
characteristic, in lactase, of a partially reduced 
state of the trinuclear center formed by the two 
type 3 and the type 2 Cu*+ [14-161. This absorp- 
tion was only occasionally detected in ascorbate 
oxidase crystals. 
3.4. Removal of type 2 Cu2’ 
Selective removal of type 2 Cu2+ from ascorbate 
oxidase was obtained in solution by treatment with 
dimethylglyoxime in the presence of ferrocyanide 
in anaerobic conditions, with disappearance of the 
absorption at 330 nm [9]. In the crystal, type 2 
Cu2+ could be removed under the same conditions 
used in solution and with the same spectral changes 
(fig.4). Sine type 2 Cu2+ does not show appreciable 
optical absorption, in the crystal as in solution in- 
direct evidence of its removal is offered by the 
disappearance of the 330 nm band. Further 
evidence is provided by the failure to observe azide 
binding in these enzyme crystals. 
After addition of hydrogen peroxide to the 
dimethylglyoxime-treated crystals the absorption 
Fig.2 Polarized single crystal absorption spectra of the complex of ascorbate oxidase with azide. (A) Polarized spectra in the presence 
of 25 mM NaN3; (1) &c; (2) E,c. (B) Absorption difference spectra (1) Enc; (2) E,c. 
92 
Volume 231, number 1 FEBS LETTERS April 1988 
1 
3 400 500 600 700 t 
WAVELENGTH (nm) 
Fig.3. Titration of ascorbate oxidase with azide. Spectra were recorded with Ep. (1) native enzyme in 50 mM phosphate. pH 5.8,25% 
MPD. Azide concentrations: (2) 0.25 mM; (3) I.0 mM; (4) 1.5 mM; (5) 2.5 mM; (6) 5.0 mM; (7) 15 mM. 
WAVELENGTH (nm 1 
Fig.4. Absorption spectra of type Cu’+ -depleted crystalline ascorbate oxidase recorded with Eic. (1) the enzyme after treatment with 
dimethylglyoxime; (2) the type 2 Cu’+ -depleted crystalline ascorbate oxidase after addition of 20 mM HzOZ; (3) the type 2 
Cuz+-depleted crystalline ascorbate oxidase after addition of 25 mM NaN3. 
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at 330 nm increases to about 5OVo of the initial 
value, indicating that reoxidation of type 3 Cu2+ 
does not occur as extensively as in lactase in solu- 
tion [17]. Even after partial oxidation, azide 
binding is not observed. 
The possibility to remove type 2 Cuzc from 
crystalline enzyme is relevant to the identification 
of this copper species in the electron density map. 
Acknowledgements: The work was supported by grants from 
the Consiglio Nazionale delle Ricerche and the Minister0 per la 
Pubblica Istruzione, Roma, Italy. 
REFERENCES 
[l] Fee, J.A. (1975) Struct. Bond. 23, l-60. 
[2] Malmstrom, B.G. (1982) Annu. Rev. Biochem. 51,21-59. 
[3] Mondovi, B. and Avigliano, L. (1982) in: Copper Proteins 
and Copper Enzymes (Lontie, L. ed). CRC Press Boca 
Raton, FL. 
[4] Mondovi, B., Avigliano, L., Rotilio, G., Finazzi-Agrb, 
A., Gerosa, P. and Giovagnoli, C. (1975) Mol. Cell. 
Biochem. 7, 131-135. 
[5] Messerschmidt, A., Rossi, A., Ladenstein, R., Bolognesi, 
M., Gatti, G., Marchesini, A., Petruzelli, R. and Finazzi- 
Agrb, A. (1987) 181h FEBS Meeting, Ljubljana, abs.TH 
4.34. 
WI 
171 
VI 
[91 
1101 
1111 
[W 
iI31 
t141 
1151 
[I61 
1171 
Avigliano, L., Gerosa, P., Rotilio, G., Finazzi-Agrb, A., 
Calabrese, L. and Mondovi, B. (1972) It. J. Biochem. 21, 
248-255. 
Bolognesi, M., Gatti, G., Coda, A., Avigliano, L., 
Marcozzi, G. and Finazzi-Agrb, A. (1983) J. Mol. Biol. 
169, 351-352. 
Hofrichter, J. and Eaton, W.E. (1976) Annu. Rev. 
Biophys. Bioeng. 5, 511-560. 
Avigliano, L., Desideri, A., Urbanelli, S., Mondovi, B. 
and Marchesini, A. (1979) FEBS Lett. 100, 318-320. 
Solomon, E.I., Penfield, K.W. and Wilcox, D.E. (1983) 
Struct. Bond. 53, l-58. 
Penfield, K.W., Gay, R.R., Himmelwright, R.S., 
Eickman, N.C., Norris, V.A., Freeman, H.C. and 
Solomon, E.I. (1981) J. Am. Chem. Sot. 103,4382-4388. 
Maret, W., Zeppezauer, M., Sanders-Loher, J. and 
Loher, T.M. (1983) Biochemistry 22, 3202-3206. 
Strothkamp, R.E. and Dawson, CR. (1977) Biochemistry 
16, 1926-1929. 
Morpurgo, L., Desideri, A. and Rotilio, G. (1982) 
Biochem. J. 207, 625-627. 
Allendorf, M., Spira, D.J. and Solomon, E.I. (1985) 
Proc. Natl. Acad. Sci. USA 82, 3063-3067. 
Spira-Solomon, D.J., Allendorf, M. and Solomon, E.I. 
(1986) J. Am. Chem. Sot. 108, 5318-5325. 
LuBien, CD., Winkler, M.E., Thamann, T.J., Scott, 
R.A., Co, MS., Hodgson, K.O. and Solomon, E.I. (1982) 
J. Am. Chem. Sot. 103, 7014-7016. 
94 
